The retina consists of ordered arrays of individual types of neurons for processing vision. Here, we show that such order is necessary for intrinsically photosensitive retinal ganglion cells (ipRGCs) to function as irradiance detectors. We found that during development, ipRGCs undergo proximitydependent Bax-mediated apoptosis. Bax mutant mice exhibit disrupted ipRGC spacing and dendritic stratification with an increase in abnormally localized synapses. ipRGCs are the sole conduit for light input to circadian photoentrainment, and either their melanopsin-based photosensitivity or ability to relay rod/ cone input is sufficient for circadian photoentrainment. Remarkably, the disrupted ipRGC spacing does not affect melanopsin-based circadian photoentrainment but severely impairs rod/cone-driven photoentrainment. We demonstrate reduced rod/ cone-driven cFos activation and electrophysiological responses in ipRGCs, suggesting that impaired synaptic input to ipRGCs underlies the photoentrainment deficits. Thus, for irradiance detection, developmental apoptosis is necessary for the spacing and connectivity of ipRGCs that underlie their functioning within a neural network.
INTRODUCTION
The retina detects and processes light information such as intensity, contrast, color, and motion before conveying it to the brain. To precisely convey the spatial mapping of these visual qualities, many different types of neurons form regularly spaced arrays across the surface of the retina (Cook and Chalupa, 2000) . Yet how each type of neuron forms such an ordered distribution, which occurs during development, is an area of emerging interest (Reese, 2008) . In the vertebrate retina, it has been shown that mosaics form through different developmental processes including periodic fate assignment, tangential dispersion, or apoptosis (Galli-Resta, 2002) . Similar to other neuronal populations, more than half of the retinal ganglion cells (RGCs) are eliminated during development by apoptosis (Perry et al., 1983; Mosinger Ogilvie et al., 1998; Farah and Easter, 2005) . Deletion of Bax, a proapoptotic factor, prevents this loss of RGCs (Mosinger Ogilvie et al., 1998) . Although apoptosis mediated through Bcl-2 family members including Bax contributes to the spatial distribution of some retinal cell types (Raven et al., 2003; Keeley et al., 2012) , there has been no direct demonstration of any functional consequences associated with such disrupted cell spacing, specifically, upon retinal circuitry and behavior.
Similar to other retinal cell types, the subtypes of intrinsically photosensitive RGCs (ipRGCs) form independent mosaics across the retina . We have previously developed several genetically modified mouse models that allow us to specifically label ipRGCs as well as quantitative behavioral assays that permit an assessment of their functional output (Hattar et al., 2002; Gü ler et al., 2008; Ecker et al., 2010) . Using a variety of spatial statistics to ascertain the regularity and intercellular spacing of such mosaics, in conjunction with the above anatomical and functional tools, we have examined the role of apoptosis in generating a cell-type-specific mosaic and its behavioral significance.
ipRGCs are the sole conduit for light information to influence several distinct behavioral outputs. Their axons target the suprachiasmatic nucleus (SCN) for photoentrainment of circadian rhythms and the olivary pretectal nucleus (OPN) for pupillary light responses (PLR) (Hattar et al., 2002; Hattar et al., 2006; Gü ler et al., 2008) . Unlike other types of RGCs, the ipRGCs combine their intrinsic melanopsin-based photosensitivity with extrinsic input from rods and cones (Mrosovsky and Hattar, 2003) . Either the extrinsic rod/cone signal or the intrinsic melanopsin-based signal is sufficient to drive both photoentrainment and PLR (Freedman et al., 1999; Lucas et al., 2001; Panda et al., 2002; Ruby et al., 2002; Hattar et al., 2003a; Lucas et al., 2003) . Thus, in melanopsin knockout animals, the rod/cone input to ipRGCs can be assessed at the behavioral level independent of the intrinsic light response. Here, we determined the role of apoptosis in generating the spatial distribution, connectivity and functional output of ipRGCs using Bax mutant mice. We show that Bax-mediated apoptosis, in both germline and ipRGC-specific Bax mutant mice, is required to establish a spaced mosaic of ipRGCs during development. Disruption of the spaced distribution of ipRGCs does not impair functional responses driven by the intrinsic photosensitivity of ipRGCs in Bax mutant mice. However, rod/cone signaling through ipRGCs to drive circadian photoentrainment is severely attenuated, consistent with anatomical and physiological evidence for disrupted rod/cone activation of ipRGCs. Thus, for irradiance detection, developmental apoptosis is necessary for the spacing and connectivity of ipRGCs that underlie their functioning as a component of a neural network without affecting their role as intrinsic light sensors.
RESULTS

Bax-Dependent Apoptosis Mediates Formation of the ipRGC Mosaic
Melanopsin immunofluorescence on whole-mount retinas from adult wild-type and Bax knockout (Bax À/À ) mice reveals that ipRGCs in Bax À/À mice form clumps with highly fasciculated dendrites (Figures 1A and 1B; see Table S1 available online), similar to the clustering recently described in the Dscam mutant retina (Fuerst et al., 2009; Keeley et al., 2012 Melanopsin immunofluorescence on whole-mount retinas from adult mice (A and B). In control wild-type mice (A), the ipRGC dendrites form a receptive net across the retina. The Bax knockout (Bax KO) contains clusters of ipRGCs (B) with fasciculated dendrites. (C) X-gal staining of M1 ipRGCs, which preferentially labels somata and axons, in whole-mount retinas from control and Bax KO adult mice. (D) Density recovery profiles derived from the autocorrelation from images such as those in (C) show that ipRGCs form a spaced distribution in the control (lower than average density in bins closer to the origin) and a clustered distribution in the Bax KO (higher than average density in bins closer to the origin; n = 6 retinas for each group). Note that the closest bin is always lower than average since the cell body size prevents most cells from being closer than 10 mm to each other. (E) X-gal staining of M1 ipRGCs in whole-mount retinas from control (Bax
) and Bax KO littermate mice at P0. (F) Density recovery profiles for ipRGCs from control and Bax KO mice at P0 shows a random distribution of ipRGCs at this time for both groups (average density in all bins except the closest; n = 5 retinas for each group). Data are mean ± SEM; scale bars are 100 mm; * indicates significance from the average density by one-way ANOVA with Tukey post hoc, p < 0.05, mean ± SEM.
2009; Ecker et al., 2010) , of which, several form individual mosaics . To better study ipRGC mosaic formation, we analyzed one single subtype, the M1 ipRGCs, which are labeled by X-gal staining in the Opn4 tauLacZ reporter mice ( Figure 1C ; Table S1 ; Hattar et al., 2002; Baver et al., 2008) . In Bax À/À mice, we found a 3.7-fold higher average density of ipRGCs than in the controls ( Figure 1D ). No changes in total retinal area were observed between Bax À/À and wildtype animals (data not shown). This increase in ipRGC density indicates that similar to other RGCs, ipRGCs also undergo Bax-mediated apoptosis during development (Mosinger Ogilvie et al., 1998; White et al., 1998) . To determine the developmental stage at which ipRGCs undergo apoptosis, we used the Opn4 Cre/+ animals in conjunction with the Z/AP reporter allele (Lobe et al., 1999; Ecker et al., 2010) to permanently label all ipRGC subtypes with alkaline phosphatase (AP) ( We found a significant depletion of ipRGCs between P3 and P9 ( Figure S1 ), which is in agreement with both the timing and the magnitude of developmental apoptosis for the conventional RGCs (Dreher et al., 1983; Perry et al., 1983 ).
To objectively demonstrate the clumping phenotype observed in M1 ipRGCs of Bax mutants ( Figure 1C ), we performed autocorrelation analysis in control mice and showed that M1 ipRGCs form a spaced distribution across the retina by forming an average exclusion zone of $40 mm around each ipRGC soma ( Figure 1D , left panel), a defining trait of retinal mosaics (Cook, 1998) . In contrast, in Bax mutant mice, we noted that M1 ipRGC somata failed to exhibit normal exclusion zones and instead showed a clustering of ipRGC cell bodies, confirming the disruption in cell spacing for a single class of ipRGC ( Figure 1D , right panel). Consistent with a role for cell death in the spacing of ipRGCs, at P0, a time point preceding cell death, control and Bax À/À mice have similar average densities of M1 ipRGCs and both show a random distribution of them (i.e., one that is neither spaced nor clustered) ( Figures 1E and 1F ). These results indicate that ipRGCs are first generated in a random distribution, and then progress to either a spaced distribution in the wild-type or a clumped distribution in Bax À/À mice.
These results suggest a model by which proximity between neighboring cells promotes apoptosis (Figure 2A) , and loss of Neuron ipRGC Spacing Is Necessary for Photoentrainment Bax abrogates this proximity-based effect. To test this model, we determined the spatial relationship between dying cells and their immediate neighbors. Since apoptotic cells are believed to be present for only $1 hr (Cellerino et al., 2000) , we combined three different labels for apoptotic cells (TUNEL and two antibodies specific for activated caspase-3 and activated Bax) to increase our chances of finding ipRGCs that were undergoing apoptosis. The latter were detected by using the Z/EG reporter line (Novak et al., 2000) to fluorescently label ipRGCs (Table S1 ). ipRGCs comprise 2% of RGCs, and we found only 77 ipRGCs undergoing apoptosis in eight retinas ( Figure 2B ). For each of those cells, we performed Voronoi domain (VD) analysis ( Figure 2B , right panel) followed by nearest neighbor measurements. The Voronoi domain of a cell defines the area surrounding the cell containing all points closer to that cell than to any other cell. The closest of those Voronoi neighbors is the nearest neighbor. We found that apoptotic ipRGCs had significantly smaller Voronoi domains and shorter nearest neighbor distances than viable ipRGCs ( Figures 2C  and 2D ). These results suggest that ipRGCs that are in close proximity preferentially undergo apoptosis. Proximity-based apoptosis may thereby generate exclusion zones that trans- form the distribution of ipRGCs from random into spaced ( Figure 2A ).
Bax Is Crucial for ipRGC Connection to Upstream Retinal Circuitry
We next sought to determine if the clumped ipRGC distribution in the Bax mutants affect the ability of ipRGCs to mediate non-image-forming functions ( Figure 3A ). We first wanted to ensure whether ipRGC axons exhibit normal innervation of their brain targets in the Bax mutants. To assess M1 ipRGC axonal targeting, we used X-gal staining in coronal brain sections from Bax À/À mice also harboring the Opn4 tau-LacZ reporter allele (Opn4 tau-LacZ/+ ; Bax À/À ; Table S1 ; Hattar et al., 2002) . Opn4 tau-LacZ/+ animals were used as controls. Despite altered M1 ipRGC spacing and fasciculated dendritic morphology in Bax mutant animals, we observed normal axonal targeting in the major retinorecipient brain regions of M1 ipRGCs, such as the suprachiasmatic nucleus (SCN) and intergeniculate leaflet (IGL), responsible for circadian rhythms, and the shell of the olivary pretectal nucleus, a relay center for the pupillary light reflex ( Figure 3B ). Although we observed denser innervation in Bax mutant animals, likely due to increased ipRGC numbers, we did not observe any navigational errors or ectopic ipRGC innervation in central brain targets (Figures 3B and S2) .
A longstanding view in the circadian field is that the radiating dendritic arbors of spaced ipRGCs are necessary to form an evenly distributed receptive net in order to increase the area for photon capture to allow photoentrainment . Given the disrupted features of the ipRGC mosaic in Bax mutants, we tested circadian photoentrainment using wheel-running activity. Surprisingly, Bax mutant animals are able to photoentrain to a 12 hr:12 hr light-dark cycle similar to controls (Figures 4A and 4B; wild-type and Bax KO). The mutants had similar circadian period length to wild-type animals (Figures 4A and 4C) , and presenting a single pulse of light of 15 min duration caused similar phase shifts in the Bax mutant and control mice ( Figures 4A and 4D ). In addition, exposing the animals to constant light (LL), wild-type and Bax mutants show similar lengthened circadian periods compared to constant darkness ( Figures 4A and 4C) . Finally, the wild-type and Bax mutant mice can fully re-entrain to a 24 hr light-dark cycle and mask under a 3 hr light pulse or under a 7 hr (ultradian) lightdark cycle ( Figure 4A ). Together, these behavioral studies indicate that Bax mutants were able to respond to various circadian light paradigms indistinguishably from wild-type mice (Figures 4A, left two panels, and 4B-4D). This indicates that the loss of apoptosis, the disrupted cellular spacing and the altered dendritic morphologies in Bax mutants do not impair the output of light signals from ipRGCs to the brain as revealed by several light-dependent circadian functions ( Figure 3 ).
We next sought to determine if the disrupted mosaic features in the Bax À/À mice would affect the ability of ipRGCs to receive light input originating from rods and cones. We show that electroretinograms (ERGs) from the Bax À/À animals are indistinguishable from wild-type animals ( Figure S3A ), indicating that the Bax deletion does not alter outer retinal signaling between the classical photoreceptor rods and cones and their immediate synaptic partners. In addition, Bax mutants are able to visually locate a platform in the Morris water maze similar to wild-type animals ( Figure S3B ). To test the extrinsic rod/ cone input to ipRGCs in the context of the Bax deletion, we eliminated the intrinsic melanopsin-based photoreception (Opn4 tau-LacZ/tau-LacZ , referred to here as Opn4 À/À ; Table S1 ) in Bax À/À mice and subjected the double knockout animals (Bax
) to the same circadian light paradigms as above ( Figure 4A ; Table S1; DKO). As a control, we used the Opn4 À/À mice (MKO). As previously demonstrated, the Opn4 This behavior is comparable to the free-running response seen in mice lacking rod, cone and ipRGC phototransduction pathways (Gnat1
, referred to here as triple KO animals) (Hattar et al., 2003b) . Similar to the triple KO animals, Bax -/-; Opn4 À/À mice were also unable to lengthen their period in constant light ( Figure 4C ). Thus, loss of Bax disrupts the ability of ipRGCs to receive extrinsic input from rods and cones. However, in contrast to the triple KO mice, the Bax À/À ; Opn4
mice retain a limited capacity to respond to rod/cone input; the Bax À/À ; Opn4 À/À mice still show a similar phase-shift as Opn4 À/À mice in response to a 15 min light pulse ( Figure 4D ).
These results show that the loss of Bax perturbs the rod/cone input to circadian photoentrainment. Since the Bax deletion in the conventional knockouts may affect all retinal cell types in addition to ipRGCs (White et al., 1998) Figure 5B ) and ipRGC cell density was similar to wild-type animals ( Figures  5B and 5C ; compare with Figures 1C and 1D , left panels). These milder phenotypes are likely due to the inefficient deletion of Bax by the melanopsin-driven Cre recombinase. Consistent with this hypothesis, Bax antibody staining in conditional Bax mutants shows residual Bax immunoreactivity in some melanopsin cells compared to the conventional Bax mutants where no Bax staining is seen ( Figure S5A ). In addition, using Math5
Cre/+ , where
Cre driven deletion of Bax occurs at an earlier developmental point than in the Bax fl/fl ; Opn4 Cre/+ mice (Yang et al., 2003; McNeill et al., 2011) , we show the increase in cell numbers and the fasciculated dendritic morphologies observed in the conventional Bax mutants ( Figure S5B ). However, even without increased cell number and fasciculated dendrites, the conditional Bax À/À mice show deficits in cell spacing evidenced by autocorrelation analysis ( Figure 5C ). We further determined that in Bax fl/fl ; Opn4 Cre/+ mice, loss of the minimal spacing between neighboring cells manifests itself as a less regular mosaic, evidenced by both the Voronoi domain and nearest neighbor regularity indexes (Figures 5D-5F ). The conditional mice show less of an effect upon their Voronoi domain regularity indexes compared to Bax À/À mice ( Figures 5D and 5E To assess the anatomical and physiological underpinnings of this disruption in rod/cone input to ipRGCs, we focused on Bax mutant mice because of the greater effects upon the organization of the ipRGC mosaic and the greater consistency in the behavioral deficits across Bax mutant mice. We first examined the dendritic architecture of ipRGCs in retinal sections. ipRGC dendritic arbors were frequently misplaced to ectopic locations within the middle of the inner nuclear layer (INL) (arrowheads in Figure 7A , bottom panels labeled green) spanning the whole retina ( Figure S7 ). Coincident with such misplaced dendrites, an ectopic cell-sparse synaptic layer was observed to form Figure 7A , labeled red) that receives ON synaptic input from bipolar cells ( Figure 7B ). Specifically, there is an increase in the number of ectopic ON synapses within the INL in Bax À/À animals compared to controls, whereas, surprisingly, the number of en passant ON synapses, normally observed between ON-bipolar cells and ipRGCs in S1 of the inner plexiform layer (IPL) (Dumitrescu et al., 2009) , remains exactly the same ( Figure 7C ). We further investigated the colocalization of a synaptic partner of ipRGCs, the dopaminergic amacrine cell, which normally co-stratifies with ipRGCs in the outermost stratum S1 of the IPL (Zhang et al., 2008; Matsuoka et al., 2011 ; Figure 7A , bottom panels, labeled blue). In the Bax À/À retina, such dopaminergic processes are also mislocalized to the ectopic synaptic layer embedded within the INL ( Figure 7A , bottom panels). ipRGCs, therefore, are not only disrupted in their spacing, but also show abnormalities in the distribution of their dendrites across the depth of the retina and in the location of their synaptic contacts with ON bipolar and dopaminergic amacrine cells. These morphological and behavioral data from Bax mutant animals strongly indicate that the Bax mutation causes disruptions in normal ipRGC circuitry within the retina. Figures 8A and 8B) . No cFos staining was detected in clumped ipRGCs (inset in Figure 8A bottom Figure 8D ). This decrement in rod/cone light input to ipRGCs is in agreement with our behavioral studies showing deficits in circadian light functions only in the absence of the melanopsin protein. Together, our morphological and functional analyses in the retina confirm that ipRGCs in the Bax À/À mice have deficits in relaying the rod/cone input but preserve their ability to signal light information with melanopsin photopigment.
DISCUSSION
Over the past few decades, research has shown that neurons are initially overproduced during development, only to be reduced to adult levels by programmed cell death (apoptosis). Surprisingly, in the nervous system, the elimination of Bax-mediated apoptosis results in overproduction of neurons but causes very few and only subtle functional deficits (Jonas et al., 2005; Autret and Martin, 2009; Jiao and Li, 2011) . In this study, we show that apoptosis plays a critical role in generating the proper spacing and functional circuitry of ipRGCs that mediate a form of visual behavior. The mammalian retina performs two major tasks, vision and irradiance detection Wä ssle, 2004) . For visual functions, the orderly arrays of retinal mosaics are critical for the detection and transmission of spatial detail to central visual targets. In contrast, irradiance detection is only concerned with detecting ambient light intensity with no need for spatial resolution. The M1 ipRGCs, which predominantly contribute to irradiance detection for circadian photoentrainment and the pupillary light reflex (Chen et al., 2011) , show a spaced mosaic across the retina and their dendrites form an extensive receptive net ( Figure S8 ). Since M1 ipRGCs mediate irradiance detection, it has been assumed that their spaced distribution and uniform net of dendrites are important for enhanced photon capture . In Bax mutant mice, however, lacking the regular cellular spacing and evenly distributed network of M1 ipRGCs that typify the wild-type retina, circadian light responses were indistinguishable from wild-type mice in the presence of the melanopsin protein. In contrast, Bax mutant mice were impaired in their circadian photoentrainment when only the rod/cone pathway was driving the ipRGCs. This indicates that the normal mosaic properties of M1 ipRGCs are dispensable for their intrinsic photoresponses but suggests cell spacing is required for rod/ cone input.
Previous studies suggest that the dendritic arbors of M1 ipRGCs are cell-intrinsically determined, rather than being sensitive to homotypic neighbors (Lin et al., 2004) . Consistent with this data, we show that the number of en passant synapses is the same in the Bax mutant mice where the number of ipRGCs is significantly increased ( Figure 7C ). As a consequence, disrupting ipRGC normal spacing may disrupt the uniformity of their coverage, potentially leaving regions devoid of M1 processes altogether, especially in light of the constant number of en passant synapses.
Bax mutant retinas also show abnormal fasciculation of their processes that should further exacerbate this tendency. Additionally, Bax mutant retinas show conspicuous alterations in the radial organization of the retinal synaptic architecture associated with the positioning of M1 ipRGC dendrites. These dendrites receive both increased ectopic ON input within the INL and cofasiculate with dopaminergic amacrine cells, which are also GABAergic (Contini and Raviola, 2003; Hirasawa et al., 2009 ). These increased ectopic synapses within the INL may lead to more inhibition of ipRGCs due to GABA release from light-activated dopaminergic amacrine cells, reducing the strength of rod/cone input to ipRGCs, which is consistent with the deficits we observed in rod/cone signaling to ipRGCs as measured by cFos activation and electrophysiological recordings (Figures 7 and 8) .
It is important to note that the number of ipRGCs does not increase in the conditional Bax mutants. This is likely due to the late developmental expression of melanopsin protein (and thus also Cre recombinase in Opn4
Cre animals) in ipRGCs, in relation to the timing of peak apoptosis (P2-P4) in RGCs. Melanopsin expression is first observed at E15 and only peaks by P3. Thus, the overlap between melanopsin-driven Cre expression and the timing of normal RGC apoptosis could result in inefficient deletion of Bax at the critical developmental period. Two testable predictions follow this hypothesis. First, in the conditional Bax mutants (Opn4
Cre/+ ; Bax fl/fl ), residual Bax expression in ipRGCs should still be observed at early postnatal stages. Indeed Bax antibody staining revealed residual expression in some ipRGCs ( Figure S5A ), in support of the first prediction. Second, using a transgenic line where Cre is expressed earlier in ipRGCs for Bax deletion in relation to apoptosis, we show better recapitulation of the Bax À/À phenotype. Using Math5, which is expressed in RGCs from E11-E14 (Yang et al., 2003) , to drive Cre in conjunction with the floxed Bax allele (Math5 Cre/+ ; Bax fl/fl ), we found higher ipRGC numbers with fasciculated dendrites similar to the phenotypes seen in the conventional Bax mutants (Figure S5B) . Together, these results provide strong evidence that the lack of increased cell numbers in Opn4
Cre/+ ; Bax fl/fl animals stems from the inefficiency of recombination at the Bax locus during the appropriate developmental stages. A key question that arises from our findings is why ipRGCs in the conditional Bax mutant still show disrupted spacing despite inefficient Bax deletion. The proximity-based model of how apoptosis contributes to the spaced distribution should account for this disruption: In wild-type animals, ipRGCs in close proximity undergo apoptosis, possibly by competing for limited levels of survival factors that originate in the retina and/or brain targets. In the conventional Bax knockout, all cells lack Bax and hence ipRGCs survive leading to higher cell numbers in a clumped distribution. In the conditional Bax animals, where there is stochastic Bax deletion, some ipRGCs that still retain Bax expression will be in close proximity to Bax deleted ipRGCs. This scenario will give the Bax negative ipRGCs a competitive advantage over the Bax positive ipRGCs irrespective of the survival signal. This will bias the ipRGC survival to those that lack Bax expression including some in close proximity, thereby disrupting the regular spacing of ipRGCs in the Opn4
Cre/+ ; Bax fl/fl animals.
The majority of studies indicate that homotypic interactions underlie the formation of regular retinal mosaics. During the peak period of cell death at early postnatal stages, it is difficult to distinguish between the ipRGC subtypes, mainly due to the incomplete establishment of full dendritic fields. All ipRGCs express melanopsin and there are no other known markers that currently differentiate between individual subtypes. ipRGCs subtypes (M1 versus non-M1) can only be easily distinguished morphologically in adult mice by their mature dendritic fields. In our identification of apoptotic ipRGCs at P4, a caveat is that we were unable to differentiate the specific ipRGC subtypes. Thus, we cannot be certain that cells undergoing apoptosis near other ipRGCs are of the same subtype.
Interestingly, some of the phenotypes that we report here in the conventional Bax mutants, fasciculated ipRGC dendrites, disrupted mosaic spacing and increased ipRGC cell number have also been reported in mice lacking Dscam, a neuronal cell adhesion molecule (Fuerst et al., 2008 (Fuerst et al., , 2009 . These results suggest the intriguing possibility that crosstalk between Bax and Dscam regulates proper ipRGC cell number, spacing and dendritic architecture (Keeley et al., 2012) . It is also important to note that although we have assumed that the deficits observed in the Bax mutants are only apoptosis-dependent, several recent studies indicate that Bax could have roles independent of apoptosis (Jonas et al., 2005; Autret and Martin, 2009; Jiao and Li, 2011) . Thus, it is feasible that some of the deficits that we observe in Bax mutants might also reflect a role for Bax in mitochondrial morphogenesis (Autret and Martin, 2009) or changes in synaptic activity (Jonas et al., 2005; Jiao and Li, 2011) .
In summary, we show that Bax mutant mice exhibit conspicuous changes in the organization of the M1 ipRGC mosaic. Remarkably, none of the morphological deficits affect the intrinsic light sensitivity and transmission from the retina to the brain to control photoentrainment. This is despite the widespread assumption that a uniformly distributed network of ipRGC processes is critical for the light-gathering properties of M1 ipRGCs . Indeed, for circadian photoentrainment, one might have expected the M1 population of ipRGCs to lack the properties of other regular retinal mosaics, including uniformity of their dendritic coverage across the retina, because they were originally thought to be only ambient lightsensors. With the demonstration that ipRGCs also receive direct input from ON bipolar cells relaying rod/cone input (Dumitrescu et al., 2009; Hoshi et al., 2009) , it might be expected, therefore, that ipRGCs form regular mosaics similar to other RGC types, as recently demonstrated . Indeed, our study demonstrates a functional relevance for the M1 ipRGC mosaic in that it is crucial for the normal reception of rod/cone input to drive photoentrainment.
EXPERIMENTAL PROCEDURES Mice
All mice were of a mixed background (C57BL/6;129SvJ), except those in Figures 1A and 1B For labeling inner retinal synapses, the retinas of adult Bax À/À and wild-type control mice were dissected following intracardial perfusion and then either incubated in antibodies to melanopsin (a gift from Dr. Provencio), as described (Keeley et al., 2012) , or they were sectioned on a vibratome and immunolabeled using antibodies to melanopsin, tyrosine hydroxylase (AB15542, Millipore), and either CtBP2 (612044, BD Transduction Laboratories) or Bassoon (VAM-PS003, Stressgen), as described (Keeley and Reese, 2010) . For labeling of ectopic synapses, retinas were dissected from whole eyes that had been fixed in 4% EM grade PFA for 20 min and cryoprotected in 30% sucrose, and 12 mm sections were taken using a cryostat. Sections were incubated in antibodies against g13 (generously provided by Robert Margolskee) (1:500) and CtBP2 (612044, BD Transduction Laboratories) (1:250) overnight, washed, and incubated with Alexa-conjugated secondary antibodies (Invitrogen) for 3 hr.
For cFos staining, mice were house in LD 12:12 and dark adapted for 2 hr prior to exposure to light for 30 min at ZT 4. After the light treatment, mice were moved to dark conditions for 1 hr. The eyes were then removed, fixed in 4% PFA for 30 min, and dissected. Retinas were fixed for additional 2 hr, blocked in 0.1 M phosphate buffer with 5% Goat serum and 0.3% Triton X-100, and then incubated with an anti-cFos antibody (Calbiochem Ab-5; 1:20,000) and an anti-beta-galactosidase antibody (Millipore; 1:2000) for 48 hr followed by incubation with Alexa-conjugated secondary antibodies (Invitrogen) for 2 hr.
Wheel-Running Activity
Wheel-running experiments were performed and analyzed similar to (Gü ler et al., 2008) .
X-Gal Staining
Brains and retinas were prepared and stained similar to (Hattar et al., 2006) .
Mosaic Analysis
One image (895 3 671 mm) was taken randomly from each of four quadrants per retina using a Zeiss microscope with Plan-Apochromat 103/0.45 objective lens. Dots were manually placed over each individual cell body, the XY coordinates were extracted using ImageJ, fed into WinDRP program (Masland Lab), and density recovery profile (DRP) graphs were generated with a 10 mm bin size and a 10 mm cell size. Data from the four fields were averaged for each retina, and each bin in the DRP shows the mean of those retinal averages (±SEM). This cell size was chosen since the cell body of an M1 ipRGC is approximately 10 mm. The same XY coordinates were analyzed for their Voronoi tessellation of each field using specialty software to generate Voronoi domain regularity indexes (VDRI) and nearest neighbor regularity indexes Neuron ipRGC Spacing Is Necessary for Photoentrainment (NNRI), as previously described ( Figures 5D and 5E ). For all analyses, we averaged four fields per retina, and six retinas per condition, and this mean of the retinal averages (±SEM) is graphed. A similar procedure was carried out for the P0 DRP graphs and analysis of apoptosis at P4, except that we sampled a smaller area (322 3 322 mm for P0 DRP graphs and 516 3 516 mm for P4 staining) because at those developmental stages, the total retinal area is smaller. Additionally, for the analysis of apoptosis at P4, we took multiple images per quadrant to maximize our chances of analyzing apoptotic cells. Apoptotic cells that are on the periphery could not be included in our analysis. Thus, we found 77 apoptotic ipRGCs, but we were only able to analyze a fraction of these cells (39 for Voronoi domain and 44 for nearest neighbor). Voronoi domain areas and nearest neighbor distances for apoptotic and non-apoptotic ipRGCs were calculated by ImageJ and WinDRP, respectively.
In Vitro Preparation and Electrophysiological Recording
Mice of either sex and 8-12 months of age were used in these experiments. Animals were dark-adapted overnight and euthanized under dim red light with carbon dioxide. All subsequent tissue preparation procedures were performed under infrared illumination using night vision devices (NiteMate NAV-3, Litton Industries, Watertown, CT). Both eyes were harvested, hemisected, and incubated in room-temperature Ames' medium gassed with 95% O 2 5% CO 2 . The retinas were isolated from the pigment epithelium and the vitreous removed from the retinas using forceps. Each retina was cut in half, and one piece was flattened on a 60-channel MEA (200/30-Ti-gr, Multi Channel Systems, Germany) with the ganglion cell side down; the other half was discarded. The retina was continuously superfused at 3 ml min À1 with Ames' medium gassed with 95% O 2 5% CO 2 and maintained at 33 C with a temperature controller (Warner Instruments, Hamden, CT), and was kept in darkness except when stimulated by light. Presentation of light stimuli started after the retina had been superfused for 40 min. All stimuli were 10 s full-field 480 nm light generated by a monochromator (Optical Building Blocks, Birmingham, NJ). The timing of stimulus presentation was controlled by an electromechanical shutter built into this monochromator. Light intensity was adjusted by a continuously variable neutral density filter (Newport Corporation, Franklin, MA). The intensity-adjusted light was delivered via a fiber optic cable to the retina from underneath the MEA chamber. Light intensities were calibrated using a radiometer (UDT Instruments, San Diego, CA) and the unattenuated intensity (i.e., À0 log I) was 4.1 3 10 15 quanta cm À2 s À1 at the retina. At the end of each experiment, a pharmacological cocktail containing 50-100 mM L-(+)-2-Amino-4-phosphonobutyric acid (L-AP4), 40-80 mM 6,7-Dinitroquinoxaline-2,3-dione (DNQX), and 25 mM D-(-)-2-Amino-5-phosphonopentanoic acid (D-AP5) was applied to block rod/cone signaling to the inner retina, and ipRGCs were identified based on their ability to generate sluggish, melanopsin-based responses to À0 log I light. This cocktail completely abolished the light responses of all conventional ganglion cells (Wong et al., 2007) . Ganglion cell spiking activity was amplified, filtered with cutoffs at 200 Hz and 3 kHz, and digitized at 10 kHz using MC Rack software (Multi Channel Systems). Raw recordings from all 60 channels were saved onto a computer for offline analysis. Cluster analysis of the spike data was performed using Offline Sorter software (Plexon Inc., Dallas, TX). For Figures 8C and 8D , photoresponse amplitude was calculated by subtracting the mean firing rate during the 10 s period preceding stimulus onset from that during the 10 s light stimulus. Student t test p values were calculated using Origin software (OriginLab, Northampton, MA), with the significance level set at 0.05.
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